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We study vortices in p-wave superconductors in a Ginzburg-Landau setting. The state
of the superconductor is described by a pair of complex wave functions, and the
p-wave symmetric energy functional couples these in both the kinetic (gradient) and
potential energy terms, giving rise to systems of partial differential equations which
are nonlinear and coupled in their second derivative terms. We prove the existence of
energy minimizing solutions in bounded domains Q ¢ R? and consider the existence
and qualitative properties (such as the asymptotic behavior) of equivariant solutions
defined in all of R%. The coupling of the equations at highest order changes the
nature of the solutions, and many of the usual properties of classical Ginzburg-
Landau vortices either do not hold for the p-wave solutions or are not immediately
evident. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935464]

. INTRODUCTION

With the discovery of high temperature superconductors, physicists have investigated many
new and unusual families of superconducting materials, many with properties which are quite
different from the metal superconductors which were originally studied a century ago. Among these
is Srp Ru Oy4, which (although it is not a high temperature superconductor) has a layered perovskite
crystalline structure which is very similar to the cuprate high 7 materials. This material is special,
however, in that it has a different electronic structure from conventional “s-wave” superconductors
described by the microscopic BCS model, but instead exhibits a “p-wave” electron pairing symme-
try (see Ref. 1). Superconductors with p-wave pairing develop such unconventional properties as
spontaneous magnetization and surface currents,”'? and square vortex lattices in certain parameter
regimes.'

In this paper, we consider a Ginzburg-Landau model for p-wave superconductors in two
dimensions. The state of the superconductor is described by a pair of complex wave functions,
n = (-1 : Q c R? — C? and the magnetic vector potential, A : Q — R2. The p-wave symmetry
is encoded in the kinetic energy by means of an anisotropic gradient term,

E0.) = [ (el A) + ) + feurl AP).
where
exin(1,A) = 1D | +|Dn_|* + (1 +v) [Dsns - Dan- = Dyn - Dy -]
+(1=v)[Dan- A Dyny = Dany A Dyn-|

and
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€poi(1) = E(Iml2 -1+ E(Infl2 =+ 2. Pl + v(n?) - (). M
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Here « is the Ginzburg-Landau parameter, v € (—1,1) is an anisotropy parameter, and the operator
D =V —iA. The dot and wedge product on C are calculated by treating z = x +iy € C as a real
vector (x, y) € R?, and applying the usual definitions.

By writing the potential energy in the form,

1 1
Cpor= 75+ §(|77+|2 + - = 12+ (1= Dl Pn-I?
+ v [In+Pn-I* + sign(m(r3) - (2]

we note that for —1 < v < 1, the minimum of the potential e, is attained exactly at

(77—’77+) = (1’0) or (O, 1)

Thus, we expect that energy minimizers will have this form away from any vortices, with one
“dominant” component, which we take to be 17_, |7_| ~ 1, and one “admixed” component’ i, which
is small in the bulk of the sample.

Also note that E is gauge invariant: for smooth enough ¢,

E(sA) = E(€"n:, A + Vo).

The goal of this paper is to study isolated vortices in this p-wave Ginzburg—Landau model, and
thus we concentrate on energy minimizing solutions with given degrees imposed on the boundary
of a disk or at infinity, in the case of entire solutions (defined on Q = R?). As in the classical
Ginzburg-Landau functional, in questions concerning isolated vortices, the role of the magnetic
field i = curl A is secondary, and so we neglect the vector potential A in this paper. We expect
that our results should extend to the full system with vector potential with some minor technical
adjustments. With this simplification, the energy functional takes the form

B0 = [ Lol + )] dx.
with ey, as before, and
etin() = V0> + V- + (1 +v) [0+ - Oun- = Oyn - Oyn-]
+(1=v)[0xn- A Dyns — O A Oyn-]
= |V77+|2 + |V77—|2 + (Iny) - (M) + v(ILyyy) - (Myo), (2)

with operators I, = II = 9, +id,,II_ = —I1" = 4, — i0,.. As we will see shortly, the kinetic energy
is nonnegative, but not coercive: it vanishes along a nontrivial linear subspace of functions 7. This
is an early indication of the difficulties involved in the analysis of the p-wave functional. Energy
minimizers solve a system of Euler—Lagrange equations, which are coupled in the second derivative
terms,

200+ T2 + VI Iy, = K (2n-(In-I> = 1) + 4n_n. > + ZVﬁ_ni)} 3)

28n, + [T + vIEIn- = & (2n.(n.* = 1) + 4n.n-* + 2vig.n*)

Our first result concerns the existence of energy minimizing solutions in any smooth bounded
simply connected domain Q c R2. Consider the Dirichlet boundary condition

771'89 = 8+ 4
where g, : dQ — C are given smooth functions.
Theorem 1.1. Let g, € H'/*(0Q) and define
W ={n e H\(Q;C?) : (4)is satisfied}.

Assume that (cy + az,c. —aZ) ¢ W for any constants a,c. € C. Then, there exist a minimizer of
E(m)inW.

In particular, there exists a minimizer in Q = By for g. = a.e'™° provided that one of n, # +1
oray ¥ —a._.
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We recall that the potential energy is minimized with |_| = 1, || = 0 (or vice versa), and
hence a natural choice of boundary condition is

n-laq = ", N+loa =0, )

with n € N, in analogy with Ginzburg—Landau vortices but recognizing the bulk states preferred by
epor- Theorem 1.1 is proved in Section II. There we show that the restriction on the boundary data
can compensate for the general lack of coercivity in the whole space H'(Q).

As in the classical Ginzburg-Landau model, it is to be expected that the symmetric (equiv-
ariant) vortex solutions, 7. = f(r)e'"+, play a special role. Here we already see the effect of the
p-wave symmetry, as radial solutions do not exist in general, but only for certain choices of the
parameters. Indeed, in Section III, we show that equivariant solutions cannot exist for anisotropy
v # 0, and that for v = 0O there is a restriction on the degrees, n, = n_ + 2.

Assuming v = 0 and n, = n_ + 2, the equivariant ansatz reduces the problem to finding real-
valued functions (f_(r), f+(r)), r € (0,00), which solve the Euler-Lagrange equations, a system
of two coupled second-order ordinary differential equations (see (10)). As with the classical
Ginzburg-Landau model, entire solutions (in all R?) with nontrivial degree at infinity must have
infinite energy. We thus adopt the strategy of passing to the limit in balls Bg of increasing radius, in
which we minimize the energy subject to boundary condition (5) on 9Q = d Bg. Even in this simpler
context, there are significant obstacles to overcome. Although the existence of solutions in the balls
Bpg is guaranteed by Theorem 1.1, for general n € N, the coupling of the system at highest order
prevents us from obtaining the necessary a priori estimates to pass to the limit R — oo, except when
n = —1.For n = —1, which is the most physically relevant case,” we prove the following:

Theorem 1.2. There exists a smooth entire equivariant solution n = (n_,n) = (f_(r)e™*®,
F+(e*9) to Ginzburg—Landau system (3), with f_(r) — 1 and f.(r) — 0 as r — co. Moreover it
holds

S

202 4r

1 13

EycRlyerin o(r™°), (6)

asr — +oo.

The existence of entire equivariant solutions with degrees (n,n + 2), n # —1, is an open prob-
lem, as is uniqueness.

Given the usual interpretation of f.(r) as a local density of superconducting electrons, we
would expect that these solutions have fixed sign. This is a nontrivial question, as the coupling of the
two components in the kinetic energy term precludes the usual arguments used in Ginzburg—Landau
vortices, and even the methods developed for semilinear Ginzburg-Landau systems* fail in this
context. To obtain a result in this direction, we introduce an additional parameter into the model,
and employ perturbative methods. For ¢ € [0, 1], we consider the family of functionals,

E:(m;R) = (|V7]+|2 + |V7]—|2 + () - (Iyy) + epot)' @)
BRr
When ¢ = 0, the system couples only through the potential energy term. Vortices in a two-compo-
nent model with similar potential energy were studied by Lin and Lin,'® and with an applied mag-
netic field by Alama and Bronsard.>»? With the equivariant ansatz 7 = (17_,77,) = (f-(r)e™", f.(r)
e*9), the Euler-Lagrange equations take the form

Aefom S+ 5fi= )= FA2 =D+ 2f f
Aefom St 5= )= FlF2= D4 2ff2

When ¢ = 1, this is exactly the system satisfied by the physical p-wave functions with the equivari-
ant ansatz and n = —1. On the other hand, when ¢ = 0, system (8) partially decouples and admits a
solution of the form 0 = (f2, f%) = (f,0), with f(r) the radial degree-one Ginzburg—Landau vortex
profile. We verify that f° gives a nondegenerate locally minimizing solution to system (8) at ¢t = 0,

®)



111503-4 Alama, Bronsard, and Lamy J. Math. Phys. 56, 111503 (2015)

and the solutions for ¢ > 0 are obtained via the implicit function theorem. In Section IV, we prove
the following:

Theorem 1.3. There exists ty such that for all t € (0,ty), there exist smooth bounded solutions
(f% f1) of (8) such that
(a)  fL0)=0= fi(0)
(b) fi(r)—> 1, fi(r) > 0asr — oo;
(c) 0< fi(r)<1, fi(r) < Oforallr € (0,00); and

(d) Asr — oo,
1 5249 1 13
T=1-— - +0(r™°), T=t|-=— - — +0(079].
1= 2r2 8r4 ) f 2r2 4t ™)
Note that 0 > f.(r) = —|n4|, and so the components of the equivariant solution incorporate a

relative phase shift of xr, in addition to having conjugate phases. The asymptotic estimate in (d) may
be made uniform for » > R and ¢ € (0,1(); see Theorem 4.4 for a more precise statement. We note
that it is thanks to the uniform bounds on the asymptotic error that we may obtain the global control
of the sign of each of the components in (c). Our result does not preclude the possibility that one
or both of f! vanishes or changes sign at some value of 7 € (0, 1]. If this were to occur at some ¢,
the solution 7. = fLe*"¢ would still be a valid solution to the system of equations, but with a very
unconventional profile for vortices. We conjecture that in fact (c) remains valid for all ¢ € (0, 1], but
again this question is open.

The methods employed in this paper extend various techniques used to study vortices in
Ginzburg-Landau systems. In particular, the perturbation arguments rely on the extensive analysis
of the linearization of the classical Ginzburg-Landau functional by Mironescu.'* The asymptotic
expansion follows the basic strategy followed in Ref. 5, based on Ref. 7. The use of perturbative
methods to study entire vortex solutions to the d-wave symmetric coupled Ginzburg-Landau system
was also introduced by Kim and Phillips'' and Han and Lin,® although their approach was different

from ours.

Il. EXISTENCE OF MINIMIZERS

We begin with the existence of minimizers for the general functional

E(p) = /Q (can(i) + Kep(m) dx,

with ey, as in (2), ey as in (1), and with Dirichlet boundary condition (4). The existence of
minimizers, even in a bounded domain Q c R2, is not obvious, since the kinetic energy is not
coercive:

Proposition 2.1. For any givenn, € H'(Q), it holds that e,(n) > 0, with equality if and only if
ny=cy+az, n-=c--—az,
for some c.,c_,a € C.

Proof. The kinetic energy may be rewritten as

1+v 1+v
€kin = T|6x77+ + ax77—|2 + T|6y77+ - (9y77—|2

+1_Tvlr3yn+ +idn|” + I_Tvlﬁxm +id,n-I.
In particular it is non-negative, and ey;,, = 0 implies
Ox[n+ +n-1=0, d,[ny—n-]1=0, and(d;+id,)n,=0.
Thus, there exist one-dimensional distributions u,v € D’(R) such that

ne=u(y) +v(x), n-=u(y)-v(x), w'(y)+v'(x)=0.
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Differentiating the last equation, we deduce that u” = v”" = 0. Therefore, u and v are affine functions
with u’ = iv’,

u=up+iay, v=vy+ax, forsomea cC,

and we obtain the desired conclusion with ¢, = uy + vg and c_ = ugy — vo. |

As a consequence of Proposition 2.1, there is no hope for a general inequality of the form
[ exin = cllVn ||12~2 to be valid. However, we have the following:

Lemma 2.2. Let Q be an open subset of R% Let W ¢ H'(Q)? be a closed affine subspace such
that
W {(cy +az,c- —a?): cx,a € C} = 0.

Then, there exists ¢ > 0 (depending on Q2 and W) such that

/%mudmg
Q

foreveryn e W.

Proof. We argue by contradiction. If the conclusion does not hold, then (using the homogeneity
of the involved quantities), there exists a sequence (y*) € W such that

WM=L/%W%W~

Up to considering a subsequence, and since W is weakly closed, we may assume that 7* converges
H'-weakly to 7 € W. On the other hand, since the kinetic energy is convex (as a non-negative
quadratic form), it holds

[ ety < timint [ ey =0,
so that by Proposition 2.1, . = ¢+ + a(y * ix), thus contradicting the assumption on W. O

In particular, we may impose Dirichlet boundary conditions ensuring that the assumption of
Lemma 2.2 is satisfied. For instance, the following result will allow us to construct—in Section III
—rpbhysically relevant “radial vortex” solutions.

Proof of Theorem 1.1. The first assertion follows from Proposition 2.1 and Lemma 2.2. In the
case Q = Bg, g: = a.e'Y, it suffices to show that for any c.,a € C,

Ne=cstaret® ¢ W,

which follows from the uniqueness of Fourier decomposition on 9 Bg. O

lll. ENTIRE VORTEX SOLUTIONS
In this section, we study symmetric vortices, that is, solutions of the form
ni(reig) = fi(r)ei"ia, ny €7,

where f. are real-valued functions. However, because of the coupling term in the kinetic energy,
and in contrast with other coupled systems of Ginzburg-Landau equations,’ not all values of n, € Z
are natural.

Indeed, the existence of such symmetric solutions is related to invariance properties of the
energy. More specifically, for any . € Z, one may define an action of S' on functions 77.(z),

(- n)(2) = w™*n(w™'z), weS"
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A straightforward computation shows that
B~ E@ )= [ ({1 =6 2) - (L)
+v/Qwar“ﬂnmowH44
v - o),

Hence we see that, in the case v = 0, the energy is invariant if and only if
ny=n_+2.

In the case v # 0, the energy cannot be invariant, and the only invariance that can be expected is for
the subgroup U, c S', which explains why vortices with square symmetry are predicted.’'®

In view of the above discussion, we consider from now on the case v = 0. Moreover, since we
will be interested in solutions defined in the whole plane R?, the parameter k can be scaled out, and
we assume also « = 1. In that case, the Euler-Lagrange equations read

1
An_+ §H3n+ =n_(In-1* = 1) + 2n_In.
9

1
Any + 2H = n:(In+* = 1) + 2.0

in terms of f. defined by (11), and using the notation A, f = r='(rf’) = " + r~'f’, system (9)
takes the form

mﬁ—§ﬂ+%@¢wfflﬂ+wgmﬁ)
= f(fP =D+ 211,

(n+2)2 ( rf7_2n+1f7 n(n+2)f)

= f+(|f+|2 - 1) + 2f+fz-

In the following, we will show the existence of entire solutions of (10) with n = —1, that is
equivariant solutions of the form

e’y = f()e, nre®) = fulr)e, (1)

where f, are real-valued functions. This is the choice of degrees made in Ref. 9, in the expectation
that these solutions are the “most stable.” In fact, the choice n = —1 simplifies the equations by
eliminating a troublesome first order cross term in each equation. Existence of entire equivariant
solutions for n # —1 remains an open problem.

With the choice n = —1, the kinetic energy becomes

(10)

Arfy -

r2

1 1 1
ekinzlf’|2+ﬁ|f|2+(f/+;f) (fi+;f+), (12)
where | f'|> = (f/)* + (f1)* and | f|* = £ + f2 Moreover, system (9) reads

1 1 1
Afo= S fot 5 |Arfe= 5 fe) = FAfP =D+ 21 f2
r 2 r (13)

1 1 1
mﬁ—ﬁﬂ+§@J—;g)=ﬂwm—n+wq?

Note that the continuity of 1. forces f. to satisfy homogeneous boundary conditions at the
origin,

f-(0) = f.(0) = 0. (14)
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In fact these conditions (14) are automatically satisfied by any bounded solutions of (13). As for
boundary conditions at co we impose, in agreement with (5),

lim (f-, £+) = (1,0). (15)

The strategy to obtain entire solutions of (13)-(15) is standard: we first obtain solutions in balls
Bg by direct minimization, and then let R — co. We denote by Hp the admissible energy space for
vortex configurations in Bg,

Hg = { real-valued (f, f4): 7+ = f(r)e*® € H'(Bg)}

R 16
= {real-valued (fo, f4): / (|f’|2+ %mz) rdr < oo}. (10
0

We also denote by H Ig ¢ the vortex configurations in Bg, having the right boundary conditions at R,
and by Hg the admissible perturbations, i.e., with zero boundary conditions at R:

HE = {(f-.f+) € Hr: f-(R) = 1,fu(R) = O}, (17)
Hp = {(p-,¢+) € Hr: ¢-(R) = ¢.(R) = 0}. (18)

To obtain entire solutions of (13)-(15), we will need two kinds of a priori estimates on solutions
in Hg: an L™ bound, and a bound on the potential energy.

Lemma 3.1. Let f. € ‘ngc solve (13)in (0, R), with f_(R) = 1, fi(R) = 0. Then, it holds

R
2/ eporrdr <1 (19)
0
and
2+ f2<3 in(0,R). (20)
If in addition we know that f_ > 0 and f, < 0in (0, R), then we have
2+ f2<1 in(0,R). 1)

Proof of the L™ estimate (20) and (21). We use the weak formulation of system (13). That is,
for any test functions ¢, € H Ig, it holds

R
7 ’ 1 ! ’ 1
/ {f_w_ + S -+ fi + S s
0 r r

1 1 1 1 1 1
+ E(ﬂ + ;f—)(‘Pl + ;90+) + E(ﬂ + ;f+)(90'_ + ;(,0_)}rdr (22)
1 R
:_EA [Depot(f)'(p]rdra
where
1
5Deu(f) 0= Qf1+ £2= D+ QF2 + f2= Dfpu. 23)

We apply that weak formulation to test functions of the form ¢, = f.V, where V > 0 will be chosen
appropriately later on. We find

R
/o {ekin(f)v + %(fz + i+ fof)V + %erfV'}rdr

1 R
= _E/o V(Depg,(f)-f)rdr.
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Integrating by parts, we rewrite that last equation as

R
/ ﬂ%fluﬁﬁV+¥ﬁ+ﬁ+ﬂﬁw}Mr
0 r 2

ok 24)
= ) /0 V(Depm(f) . f) rdr.
Next, we notice that
Depof) - f = (f2+ 2= D(f2+ [+ 21217 s)
>0  iffrP+fix1
and
1 ’ "2 "2 1 pr 1 2 2
€in — ;(fff+) =D +(fD + fLfi+ ) (F2+f3+f-1) 26)
> 0.
Now we can choose the function V. We define, for an arbitrary M > 0,
U=max(f>+ f2+ f.f-—3/2,0) andV = min(U, M). 27

It is easy to check that ¢, = f.V € Hp are indeed admissible test functions (18). Plugging (27) into
(24) and using the inequalities (25) and (26), we obtain

R
/(wwmsa 28)
0

and therefore V = 0 a.e. We deduce that
i+ 2+ fof-<3)2,

which obviously implies L* estimate (20).
In case that £~ > O and f, < 0in (0,R), let W = f2+ f2 — 1. If W attains a positive maximum

atr € (0, R), we easily compute
0> AW() > 2F A fo+ 212 fo
=WV 4 D)+ 427 = F G 37D S0+ f)
>2W(W+1) >0,
thus proving (21). O

Proof of the potential energy estimate (19). The potential energy estimate is classically proven
using a Pohozaev identity. The Pohozaev identity is obtained by multiplying the first line of (13) by
r2f” and the second line by 2/, and adding them. The resulting equality can be rewritten as

[P+ U+ P2 = 2= = o f]
= rz[epg,]' = [rzepo,]/ = 2r(epor).-

Integrating (29) from O to R and using the boundary conditions f.(0) = 0, f.(R) = (0, 1), we obtain

(29)

R
2 [ (quyrdr = 1= R[FRF+ FIRE + SRR < 1. (30)
0
thus proving (19). O
With the a priori estimates of Lemma 3.1 at hand, we are ready to prove Theorem 1.2.

Proof of Theorem 1.2. We prove here the existence part of Theorem 1.2. Asymptotic expansion
(6) is then a consequence of Theorem 4.4, which is proven in Section V.

We proceed in three steps: first we show the existence of solutions in finite balls, then let the
radii tend to +oco and obtain entire solutions of (13), and eventually we show that those solutions
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satisfy boundary conditions (15). The first two steps are fairly standard after the preliminary work
in Section II and the uniform bound of Lemma 3.1. The last step classically relies on the potential
energy bound of Lemma 3.1, but requires an extra argument that was not needed in previous related
works (as, e.g., Ref. 5).

Step 1: Existence of solutions £ in (0, R) with fX(R) = (0, 1).

By Lemma 2.2, the kinetic energy functional is coercive on the closed affine (real) subspace

{ne = fu(r)e*™: f e HE} c H'(Br)™ 31)

Therefore the direct method of the calculus of variation ensures the existence of a minimizer
N+ = fR(r)e*'. The functions f. solve (13) in (O,R). Moreover, f. € HE¢ and Lemma 3.1 applies:
it holds

R
If?> < 3, 2/ epo( f)rdr < 1.
0

Note that L™ bound (20) ensures that A, f. € L7} , and therefore by elliptic regularity, f. are
smooth.

Step 2: Taking the limit as R — oo.

We regard fR as being defined on (0,0) by setting fR = (0,1) in (R,c0). Thanks to the L™
bound | f|* < 3, elliptic estimates ensure that (fX)’ is uniformly bounded in any compact interval of
(0,00). Hence, we may extract a converging subsequence,

[ — fx locally uniformly in (0, R).

It follows that f.. are smooth bounded solutions of (13).
Step 3: Boundary conditions (15).
From the bound on potential energy (19) and Fatou’s lemma, we obtain that

[ee)
/ eporTdr < 00,
0

We claim that this finite energy property implies that lim, _,. ep, = 0. To this end, remark that
it holds |f1(r)| < C(1 + r), which is easily established using the uniform bound |f.| < 3 together
with differential system (13) satisfied by f.. Now assume that there exists a subsequence r,, — o
such that e,,(r,) > & > 0. We may assume in addition that r,,; —r, > 1. From |f.| <3 and
|fi] < C(1 +r), we obtain that |e; | < C(1 +r), and we deduce that there exists § > 0 such that

po
epor = €/20n (1, = 8/Fy, 1y + §/ry). But this would imply

) P r'"+6/rn e
/O epot’”erz;/r rdr=§;26=00,

n=6/rn
which contradicts the finite energy property. Therefore, it holds

lim €, = 0.

r—00

On the other hand, recall that e,,, = 0 exactly at the points (0,1) and (1,0). As a consequence, any
converging subsequence f.(r,) must converge to either (0, 1) or (1,0).

In fact, only one of these two points can be such a limit: if there exists sequences f.(r}) —
(0,1) and f.(r2) — (1,0), then using the continuity of f. one easily constructs a sequence r> — co
such that

dist(f.(r}),{(0,1),(1,0)}) > 1/2.

But then one could extract a subsequence fi(ri,) — ¢, ¢ {(0,1),(1,0)}, contradicting the fact that
lim e, = 0.

Therefore, there is a unique possible limit for converging subsequences f.(r,), and we conclude
that the limit f.(oc0) exists and is either (0, 1) or (1,0). Up to exchanging f, with f_ (the equations
are symmetric), we have the right boundary conditions at co. O

Now that we have the existence of entire vortices, we would like to investigate qualitative prop-
erties of the radial profiles f.. The first natural question is whether or not they have a sign. In the
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classical one-component Ginzburg-Landau setting,® as in other two-component models,’ existence
of the radial profile components with a sign follow from a simple energy argument: replacing f with
| f| or —| f| does not increase the energy. In the present case however, this argument does not work,
because of the coupling term in the kinetic energy.

If there do exist radial profiles with a sign, it is clear that f_ should be positive since f_(c0) = 1.
On the other hand, due to asymptotic expansion (6), f should be negative. This is in agreement
with numerical computations performed in Ref. 16. In Sec. IV, we give arguments supporting the
conjecture that f_ > 0 and f, < 0. We consider a perturbed model and prove the existence of
vortices with such signs.

IV. VORTEX STRUCTURE FOR A PERTURBED MODEL

This section is devoted to proving Theorem 1.3. We start by presenting and proving the main
tools needed in the proof.

A. Main ingredients

Recall that we consider the family of perturbed functionals (7) and we look for radial vortex
solutions of the form

n+y = f+(r)ei9, n-= f—(”)e_ig-

Then, energy (7) becomes

R 72 1 2 ’ 1 ’ 1
BB = [ (17 IR 7+ LN 1+ ) (32)

where |f'|> = (f/)* + (f1)* and | f|> = f + f2, and the corresponding Euler-Lagrange equations are
(8).
The solutions f* are obtained by perturbation of a solution f° of (8) for ¢ = 0, given by
=1 fl=o,

where f is the classical Ginzburg-Landau radial vortex profile solving

1
Af=—f=f(fP =1, fO)=0, flo)=1. (33)
More specifically, the solution f* will be of the form
ff=r"+g",  gl(o)=0.

Perturbed solutions will be obtained through the implicit function theorem, and to this end, we need
a stability result. The space of admissible perturbation is

H={p. € H! (0,00): n = @.(r)e*? e HI(RZ)}. (34)

loc

Although the entire solution f° does not have finite energy I, in (0, o), it makes sense to consider
variations with respect to compact perturbations: for ¢, € C°(0,00), such that supp ¢.. C (0, Rp), it
holds

Io(f° + @3 Ro) — Io(f% Ro) = Qole] + o(llell3,)s

where

oilel = [ ) {«a’_f Lo w%} rdr
’ ' (35)

(9] , 1
o [wre zaeer-ng)

Note that Q[ ¢] is well-defined for any ¢ € H.
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Lemma 4.1. There exists § > 0 such that

Qole] = 6 llell5. (36)

forall p € H.

Part of Lemma 4.1, namely, the fact that Q is non-negative, will be obtained as a consequence
of Mironescu’s stability result'* for the classical one-component Ginzburg-Landau equation. To
obtain the positive definiteness, we will need an extra argument.

With Lemma 4.1 at hand, we will be able to construct the map ¢ — f’ as in Theorem 1.3. The

next step will be to obtain information on the sign of fI for 7 > 0. This will be done mostly by
examining Equation (38) satisfied by

d
AT @7
We will prove the following crucial result:

Lemma 4.2. Let h be a smooth function in [0, 0), satisfying the boundary value problem

A,h-lzhz(zfz— 1)h+1f(1—f2), (38)
r 2
h(0) =0,  lim h(r) = 0. (39)

Then h < 0in (0,0). In addition, h’(0) < 0.
We now present the proofs of Lemmas 4.1 and 4.2.
Proof of Lemma 4.1. We first remark that it suffices to establish the weaker estimate

Qolel 2 6ll¢ll7 2y, Vo eH. (40)

Assume indeed that (40) holds, but that (36) does not. Then there is a sequence ¢ such that
lekllg = 1 and Qolgx] — 0. Using (40), it follows that |l@kll; 24y — O. Since f is uniformly
bounded, this clearly implies that Qo[¢x] = ||¢x|l4 + o(1), which is absurd.

In view of the decoupled expression of Qg (35), it is enough to show that, for every ¢ €
H} (0,00;R)s.t.7 = (r)e’ € H'(R?), it holds

Olel= [ {(90')2 Al 1)902} rdr > 816120 (41)
We appeal to Mironescu’s stability result,'* which implies that, for any € H'(R?; C),
PUI= [ AI90F + (72~ DI +2£%e 07} 2 0 )
On the other hand, é can be rewritten as
Ol = Pligtr)e) + [ rar @3)

Of course the second term in the right-hand side of (43) is, by itself, not enough to make é positive
definite, since there exist sequences ¢ with ||¢g|[;2 = 1 and

R
/0 e rdr — 0.

However, such sequences have their mass concentrated near zero, which makes the first term in
the right-hand side of (43) large. In other words, the competition between the two terms in the
right-hand side of (43) will ensure the positive definiteness of Q.

Let us assume that (41) does not hold: there is a sequence ¢y such that

”‘pk“Lz(rdr) = l’ FQV[(pk] — 0.
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Since O[] is bounded, the sequence nx = @i(r)e'® is bounded in H'(R2) and therefore weakly
compact: up to extracting a subsequence, 1, converges a.e., and strongly in leoc. Hence there is a
function ¢ € L*(0,00) such that ¢, — ¢ a.e., and strongly in L%(0, 1). Since, by (43) and (42),

we deduce, using Fatou’s lemma, that [ f??*rdr = 0, and therefore ¢ = 0. In particular, it holds

1
/ goi rdr — 0,
0

from which we infer that
Slad> [ féirar= [ firar+on)
0 -~ 1
Zﬂﬁ/‘dMmezﬂD%du
1

contradicting the fact that é [er] — 0. O

Proof of Lemma 4.2. Tt is well known'? that £ > 0in (0, c0). Hence we may write

h=fg
for some function g which is smooth in (0, c0) and continuous up to 0. In fact g is smooth up to 0,
since f(r) = rf(r) and h(r) = rh(r) for some functions f and ~ which are smooth on [0, c0) and f

does not vanish on [0, 00).
The idea of decomposing h as h = fg is reminiscent of Mironescu’s method'® to show the

radial symmetry of entire vortices of degree one in the classical one-component Ginzburg-Landau

framework.
Let us compute the differential equation satisfied by g. It holds

ooyt
f oo
h// /hr ,’l " h n2
R e
f f f I
Therefore, we find

fzgnz h/'f — hf” — 2f’h, + Zg(f,)z

=[Qﬁ—1m+lfu—f%+lh—lw
2 r2 r

f

h=2f"h +2g(f")?

S G YREY
= P 3P0 = )= W+ fh= 2+ 2
= e+ 50 = )= P8 =27 (g + ') + 2 g
—- (2 e2rs)ers fes s,

Hence g satisfies the differential equation

L r I e
"+-+2=]g = + ,
g (r f)g fe+—
and the boundary condition
g(R)=0.

Recall that it holds 0 < f < 1 in (0,c0). Therefore the equation implies that g cannot admit a
positive maximum in (0, o), and it holds

g < max(0,g(0)).
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Next we prove that g(0) < 0. To this end we show that g’(0) = 0 and g”’(0) > 0. Therefore g is
initially increasing. In particular, if we assume that g(0) > 0, then to match the boundary condition
g(o0) = 0, g would have to attain a positive maximum inside (0, c0) which is impossible.

To show that g’(0) = 0 and g”(0) > 0, we perform a Taylor expansion near zero: write

g=go+gir+ %ﬂ + 0(r3), f=fir+ %rz + 0(r3),

so that
g =gi+gr+00), g =g+0@r) L/ - fz +0(r),
' Cof 2f
(Fe2D)e= (24 2 vom) v arsorn =2 s 02 00
” 1 f’ ’ 2 l_f2 3g1 f
g+(;+27)g—fg— > —T+42+81E_—+0(’")

Hence, it holds gy = 0and g, = 1/8 > 0.
As explained above, it follows that g(0) < 0. In particular, max(0,g(0)) = O and g < 0in [0, c0).
We claim that in fact this inequality is strict: it holds
g <0 in[0,00).

Assume indeed that g(ro) = 0 for some ry € (0,00). Then ry is a point of maximum of g, so that
g”(ro) < 0. But on the other hand it holds 2g”(ro) = 1 — f(ro)*> > 0, so that we obtain a contra-
diction. We conclude that g < 0 in [0,c0) and therefore 4 < 0 in (0,c0). Moreover, #’(0) = f’(0)
g(0) <O0. O

Also of use will be the fact that the space H is embedded into the space of continuous maps
vanishing at zero and infinity.

Lemma 4.3. It holds
H < {p € [CO.: ¢(0) =0, lim ¢(r) =0},

and ||¢lle= < |lgllw for all ¢ € H.

Proof. Let ¢ € H. Then ¢ is absolutely continuous in (0,0). So are @2, and (¢2)’ = 2¢.¢’,. For
any ry > ry, it holds

r
s () — a2 < 2 / sl @] dr

Il

) 2
< [
r

r_; + (go’i)z] rdr

so that @2 is Cauchy at 0 and co. Obviously the corresponding limits must be zero. The estimate on
the supremum norm follows by choosing r; = 0 in the inequality above. O

Finally, we require an asymptotic expansion of solutions which is uniform in the parameter ¢.
The following result is proven in Section V:

Theorem 4.4. Let [ f; _, fi.+] be solutions of (8), and assume that for every 6 > 0, there exists
Ry >0and 0 < T < T, < 1 such that for every R > Ryandt € [T,T3],

|fi(r)] < 16, |fi(r) = 1] <6, (44)
forallr > R. Then, we have
1 52+9 _ 1 13 _
ft’_zl_ﬁ_ST +O0(r 6) fra=1 —ﬁ—m+0(”6), (45)
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asr — oo. More precisely, there exist positive constants C.,C., R > 0 such that

fﬂ@‘@‘%rﬁi?)—%, (46)
fra(r)+1 # + i—; < t%, 47)
R+ <5 (48)
fa+ 5 <% 49)

hold forallr > Rand allt € [T},T5].

B. Proof of Theorem 1.3

Step 1: Construction of the family ¢ > f*.
We denote by N;(f) the quasilinear differential operator such that

(DI(f; R)a‘/’>(¢(g)*,(yg = <Nt(f)a90>L2(rdr)'

for ¢ € C°(0, R). In other words, system (8) is exactly NV;(f) = 0.
Using the fact that No( £°) = 0, one may check that

N(f’+g)eH” VgeH.
Moreover, the map
Fr(=L)XH > H, (1,8) = N(f'+2g),
is smooth. Since
(DgF(0,0)¢, 9)g¢+,9¢ = Qolgl,

Lemma 4.1 and Lax-Milgram theorem imply that D, 7 (0, f°) is invertible. Applying the implicit
function theorem, we find that there exists ¢y > 0, 69 > 0 and a smooth map

(—lo,t()) ENA = gt € 7‘{, gO =0,
such that, for |¢| < tpand ||g||4 < do,
Ftg=0 = g=¢g. (50)

In particular, f* = f0+ g’ solves (8). Elliptic regularity ensures that for every ¢, f* is a smooth
function.

Step 2: The map ¢ — f* € C¥([0, R]) is smooth, for any integer k and R > 0.

In fact we consider spaces of differentiable functions which are more appropriate to our prob-
lem: let

CHO.R) = {f. € CY(O.R): 12 = fulr)e*” € C(B)f .

Let t1 € (—t0,10). Since (by Lemma 4.3) H is embedded in a space of continuous functions, the
map ¢ > g'(R) is smooth, and we may fix a smooth map ¢ — ¢ € C**%(0, R) such that

00, (U +g"M(R) = g"(R).
Next we consider the smooth map
F: (~&,8) X C**H0,R) — CK(O,R),  (1,8) = Npue(f1 + 0" + ).
The small constants 7y and ¢ in Step 1 may be chosen so that

(DT (1.8)0. )y = cllplizes It < ton ligll < G,
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for some ¢ > 0. It is then easy to check, using elliptic regularity, that Dg% (0,0) is invertible. There-

fore the implicit function theorem provides us with a smooth family 7 — g’ € C**2(0, R) defined for
small 7 and solving

/thth(ftI + l//t + gt) = 0.

For small enough ¢, the function,

o gty +g" in(0,R),
g gt]+t i]fl (R, OO),

satisfies ||g||4; < 8o. Moreover, it holds F (¢; + 7,8") = 0, so that by (50) we deduce that §* = g"1*7.
In particular, the map ¢ — g’ € C¥*%(0, R) is smooth.

Step 3: Itholds £ < 0and 0 < f* < 1 in (0, c0) for small enough .

Let ¢' = %f’. By Step 2, the map ¢ — ¢ is smooth in H N C} _ for each k, and hence ¢’
solves the system obtained by differentiating Equation (53) with respect to 7. As ¢' is continuous
at t = 0, a computation reveals that ¢° = (¢°,¢%) € H N Clkoc, with ¢0 = h, the solution of (38) and
#° solving the linearized radial Ginzburg-Landau equation, A,¢° — %qﬁg = ¢°(3f%-1), and thus,
¢° = 0. As the map ¢ > f is smooth in H N Cf_, it follows that f* = fO + t¢” + O(:?), with error
term uniform in supremum norm on [0, o), by Lemma 4.3. Since ¢%(r) — 0 as r — oo, for any
§ > 0, we may find Ry > 0 such that |¢2(r)| < % for all r > Ry. By the Taylor expansion of f’, we
may then conclude that for any R > Ry, there exists 7 > 0 for which

|f2(r)] < 16, and | f1(r) = 1] < 6,

forallr > Randt € [0,T1].
The solutions f! thus satisfy the hypotheses of Theorem 4.4; therefore, we may choose R > 0
such that for all ¢ € (0,71,

fi<0 and 0< f'<1 in [R, c0).

Thus, it only remains to show that 1 < 0and 0 < f* < 1in (0, R) for small enough .

It is well-known'? that (%)’ = f” > ¢ > 01in (0, R), so that Step 2 ensures that (%)’ > 0in (0, R)
for small enough 7, and we deduce that 0 < f’ < 1in (0, R).

Next, we show that £ < 0. We recall that & = [ f1] _, solves (38). In view of Lemma 4.3, h is
bounded and satisfies 4(0) = h(c0) = 0. Elliptic regularity ensures that / is smooth in [0, ), and we
may apply Lemma 4.2. Thus, it holds 4 < 0 in (0, 0), and A’(0) < 0. There exists ro > 0 and p > 0
such that

h'(r) < —n in[0,ro], h(r) < -n in[ro,R].
Using Step 2, we infer that for all small enough ¢,

SIUYI <02 <0 inl0n) S IF1< /2 inlr ]

which obviously implies, since f = 0, that £/ < 0in (0, R]. O

V. ASYMPTOTICS

We derive the asymptotic behavior of solutions f.(r) as r — co by means of the sub- and
super-solutions method. We recall the notation for the Laplacian of radial functions in R?, A,u(r) =
}(r u’(r))’. We will employ the following comparison lemma, which is an adaptation of Lemma 3.1
in Ref. 5:

Lemma 5.1. Let A,B,C,D be bounded functions on [R,), with A,D > 0, B,C < 0, and such
that the quadratic form defined by A,B,C,D satisfies the bound

A)X% + B(r) + C(r)xy + D(r)y? > 6(x* + y?), (51)
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forallr € [R,), (x,y) € R? and constant § > #. Then, if u,v satisfy

1
—A,u+—2u+Au+Bv <0,
r

—-Av+ %v +Cu+Dv <0,
forr € (R,0), with
u(R) <0, ov(R) <0, u(r),o(r)y > 1 as r — oo,
we have thatu < 0 and v < 0 in [R, ).
Proof. Let u* = max(£u,0) and v* = max(=v,0), the positive and negative parts of each compo-

nent. We set ng(r) = e ""R/R 1 ¢ [R,c0), multiply the first equation by u*ng and the second
equation by v*ng, integrate over [R, ), and add the two resulting inequalities, to obtain

co + 2+ +\2
/ {—u+A,~u - v A0 + —(u ) 2(0 ) +
R r

A" +Butv + Cotu + D(v+)2}77R rdr <0. (52)

Applying (51), all but the first two terms in (52) may be bounded as follows:
/00 (u+)2 + (v+)2
R

r2

+ AW +Butv + Cotu + D(U+)2} nrrdr
> / [A(u+)2 +Butvt —utv?) + Cout —vtuT) + D(U+)2] nrrdr
R

> /°° [A(lfr)2 +B+Cotut+ D(v*)z] nrrdr
R (o]
> 6/ [(M+)2 + (v+)2] nrrdr.
R

Integrating the first term by parts, using the hypothesis u(R) < 0 and the explicit form of g, we
obtain

- / " ku Ay dr = w (Rimg(R)RW(R) + / ) {771e[(u+)’]2 - [u*]'} rdr
R R R

1 [~ 1 *
ZQ/R nR[(Lﬁ)']zrdr—ﬁ A nrlutPrdr.

An analogous computation may be made for the second term (involving v™), and inserting in (52)
we conclude that

«© 1
0> / [+ ()2 + 6 - = | (u P+ v} nrrdr.
R 2R?
As g > 0on [R,), we conclude that u™,v* = 0 on [R, o), and the lemma is proven. O

The proof of the asymptotic formulae in Theorem 4.4 thus relies on the construction of appro-
priate sub- and super-solutions for system (8). By taking linear combinations of Equation (8), we
can rewrite the system in “diagonalized” form
2
4

2
(1- tz) (Arf+_ %f+) =f+(2f3+ff— - %f_(2f3+f3— 1,

(1--) (Arf - %f) = fRfI+f2-1)- %f+(2f3 +fi-1),

(53)

which will be more convenient to work with during the proof of Theorem 4.4.

Proof of Theorem 4.4. For simplicity of notation, we denote fL = f, in the proof, suppressing
the dependence on 7. We also denote by 7 := 1 — ? € [%, 1).
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Step 1: Construction of subsolution/supersolution pairs. We begin with supersolutions. Let

a, b, R®
Wy =t 5+ g+ag)
| a b_ R®
w-=1+ 2+F+C_—6,

where a., b.,c., and R are to be chosen so that
_ t
E_:=[-TtArw_+ w—z] +w_Qw? +w?-1)- Ew+(2w3 +wr-1)>0,
r
t
E, = [-TArw, + w—;] +w.Quw? + wf -1)- Ew_(wa +wr-1)>0,
r

forallr > R, and

wA(R) = f(R),  wu(R) = fu(R).

(54)

(55)

(56)

(57)

(58)

Expanding (57) and (56) yields terms which are polynomials in even powers of r~! of the form

9 9
1 1
E.=t) M. E-= > My~
k=1 k=1

where M, = M3, (t,R,ax,b,cs) is a polynomial in each of its arguments. The expansion is quite
horrific, but may be explicitly evaluated with the help of a symbolic algebra program such as
Maple. First, we choose a. in order to force the lowest order coefficients M; to vanish: indeed, the

expansion yields

2
M{:Za_—§a++‘r=0, My =-a_+a, =0,
1

which gives the coefficients of 2, a_ = -3 = ay, asin (45).

Similarly, we fix the values of the coefficients b, in order that the r~* terms vanish,

)
M, =2b_- §b+ —3ta_+3a> - 2t2a+a_ + 2t2a%r =0,

3
M; =b,—-b_-37a, - Eaz —1?a> +4a,a_=0.

2 . . . .
Thus, b_ = -2 8+9, by = —173 are the coefficients of r~* given in expansion (45).

The values of a.,b. may then be substituted into the expansions of (57) and (56), and the

expressions for M3, may be viewed as functions of R. The exact form of the coefficients

* s

2k

very complex, but they are all polynomials in R, ¢, and c.. As we will choose R large, we are only

interested in the leading order of each. We obtain

12
M = (—c-+ c)R® + 0(1), M; = (2c_ - Ec+) RC+0(1),

Mg = O(R®), ME = O(R®),
t2
M, = (4c+c_ - E(2c3 + 3c3)) R + O(R%),

My, = (=21%c,c_ +262¢% + 3c3)R + O(RY),
M% = O(R"), ME = O(R"),

1
Mf’g = (citz - c_chrt2 + 2C+C% - Ecz) Rls,
1
Mg = (ci + 2cfc_t2 - C+C%l‘2 - §C32‘4) R'S.

In each expression, the lower terms are uniformly bounded for ¢ € [0, 1].
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Letc_ = 6§ and ¢, = 26, with 6 > 0 to be chosen later. With this definition,
M} =6R®+0(1), M; =62 - 1R+ O(1),

where the remainder terms are uniformly bounded for 7 € [0,1]. As M are the leading order terms
in r, this will ensure that we obtain the correct sign in each equation, and the value of ¢ will be fixed
in order that the r~% terms indeed dominate the others in the expansion. By choosing R; = R;(5)
sufficiently large, we may then ensure that when R > Ry,

My M M M

78 710 rl4 rlé

R® &R
<C—=<-—,
T8 440
for all r € [R, 00), with constant C chosen independent of ¢ € [0, 1]. Next, with our choice of c., we
have

(59)

|M5] < 76°R"™ + O(R®) < 86°R",

1

ok and we have

forall R > R, making R; larger if necessary. Hence we may fix 6 with0 < § <

M| 86°R'? 6 R®
— < < -,
F2| = 12 4 6

holds for all r € [R,c0) with R > R;. Finally, we note that

7
My = (E + 4t2) 53, My = (1 +61% - d1%)6°,

and for ¢ € [0, 1], each has the same sign as ¢, and thus these terms contribute with the desired sign
in the evaluation of (57) and (56), and may be neglected.

Putting these estimates together, it follows that for all R > R;,
8

+ -2k
2, Mar

k=4

SRS G R®
EiZMgriﬁ— ZM§V76—§F ZF>O7

for all r € [R,c0), and uniformly in ¢ € (0, 1]. Thus, (w-,w,) indeed satisfy supersolution conditions
(56) and (57) for R > R\, as desired.
It remains to consider the behavior at the endpoint, r = R. Since

w_(R)=1+6+0(R?), w.r)=2t6 +O0(R>),
with 0 < § < &=

35 by hypothesis (44), we may fix R > Ry such that f_(R) < w_(R) and fi(R) <
w.(R) holds for all t € [T},T>]. Thus, (58) holds as well, and we have completed the construction of
supersolutions.

We also require a subsolution pair, (z—,z+) for which E; < 0 and E_ < 0 for all r € [R, o0) and
7_(R) < f_(R), z+(R) £ f+(R), for R sufficiently large proceeds in exactly the same way as for the
supersolution pair above, except the coefficients %c+ = c_ = —0 < 0. This completes Step 1 in the
proof.

Step 2: We apply the comparison Lemma 5.1 to the pair (h_,h,) = (f- — w_, f, — w,). Denote
by Lu := —A,u + r~>u. Then, an explicit calculation together with the construction of Step 1 shows
that, for any sufficiently large R,

Lh_+ Ah_+Bh, <0,
(60)
Lh,+Ch_+Dh, <0,

for r € [R,00), with h.(R) < 0. The coeflicients are functions of r but have uniform limits as
r — 09,

A= 24 fw +uw?+2f2—1- %(2w+(f_+w_)) 2,
B=2u (fo+w) - 52+ fa +wd 4272 - 1) — -2,
C= 2w (f +w)— %(ff+f_w_+w3+2ff— 1) — -,
D= f24 fun 4wl +2f2 = 1= ZQu(fu+ ) — 1.
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Thus (taking R larger if necessary), we may assume the positivity condition (51) is satisfied in
[R,c0) with § = %, for example. Lemma 5.1 applies, and we conclude that /.(r) < 0 on [R, o), that
is, fu(r) < w(r).

Taking (h_,hy) = (z- — f-,z+ — f+), with (z_, z+) the subsolution pair, we may repeat the above
computations to arrive at same system (60), with coefficients A,B,C,D satisfying the same asymp-
totic conditions as above. Thus, by Lemma 5.1, we may also conclude that f.(r) > z.(r) for all
r € [R,00), for R sufficiently large. Using the explicit form of z.,w. from Step 1, we may conclude
that estimates (46) and (47) both hold.

Step 3: The derivative estimates. Here, we follow the method of Chen, Elliot, and Qi.” Let
a. b_ c_
c0= 10145+ 5) = -0+ &,
a b c
g+(r)= fi(r) - (r_; + F_Z) = fi(r) —wi(r) + r_g,

where a.,b,,c. are as in Step 1. By Step 2, we thus know that g.(r) = O(r~%). A calculation then
yields

Ag. = g—; +Ag_+Bg, + 0(r~%) = 0(r9),
r

Ag. = g—; +Cg_+Dg, + 00 = 0(r™),
r

uniformly for ¢ € [T1,T5], with A,B,C,D as in Step 2.
For each k € R, there exists ry € (k,2k) such that

8:(2k) — g.(k)

gl = =822 < 067 = 007).
Integrating the estimate on A, g., we have, for all r > R,
"k "k 4C
|rgi(r) — riga(r)| = / Arge(r)rdr| < C/ rdr < —
r r r

with constant C > 0. We now let k — oo, and use r¢g.(rx) — 0, to obtain |[rg/.(r)| < “r—f, and hence
|f1(r) + 24| < &, which gives (48) and (49). O
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